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The control of invasive alien plants is one of the major 
tasks faCing conservation managers of South African 
fynbos vegetation. Extensive clearance work currently 
is underway, but the ultimate success of these opera· 
t ions depends upon good indigenous vegetation recov· 
ery. Fynbos species potentially may recruit from per· 
sistent seed banks in the soil , but surface seed banks 
may become depleted under dense aliens and deeper 
seed banks may fail to germinate. In this study, the 
effect on fynbos recovery of disturbing the soil mechan· 
ically, to a depth of 100- 150mm, following al ien clear-
ance, was investigated. It was hypothesised that soil 
disturbance would promote germination from persist-
ent, soil -stored seed banks. It was further hypothesised 
that soil disturbance would have a greater effect follow· 
ing high compared to low fire intensities. Soil distur· 
bance had no effect on total plant recruitment. There 
was a significant negative relationship between fire 
intensity and plant density two years post·fire . 
Recruitment levels at the study site were low compared 
to those at sites invaded for two to three decades. This 
Introduction 
Invasion by alien trees and shrubs currently forms one of the 
greatest threats to the conservation of fynbos vegetation in 
the Weslern Cape (Rebelo 1992) . Dense (Le. closed-
canopy) stands of invasive alien trees in the mountain 
catchment areas also reduce water run-off into dams (Van 
Wyk 1987, Le Maitre et al. 1996 , Van Wilgen et al. 1996, 
1997) and thus compromise water yields to urban and indus-
trial areas. For these reasons the control of alien invasive 
species is one of the major tasks facing nature conservation 
personnel. Extensive alien clearance work is currently 
underway in mountain ca tchment areas under the 
Government's 'Working for Water' programme (Van Wilgen 
et al. 1998). The ult imate success of th is project depends 
upon restoring a sustainable cover of fynbos vegetation after 
the completion of alien clearance operations. Without good 
indicates that fynbos seed persistence may decline rap-
idly after four decades of burial. Soil disturbance result-
ed in higher indigenous species richness and projected 
canopy cover at the final census , two years post-fire. 
Changes to guild structure following soil disturbance 
included an increase in the cover of shrubs relative to 
graminoids and forbs, and small -seeded species rela-
t ive to larger-seeded myrmecochorous species. Soil 
disturbance caused similar changes to guild structure 
in both high and low fire intensity plots . Soil distur-
bance is not recommended as a universal treatment fol· 
lowing the clearance of dense stands of aliens. Used in 
conjunction with indigenous sowing, it may improve 
restoration at long-invaded, deep-soil sites, following 
fires of unnaturally high intensity. Post-fire soil distur-
bance should promote species richness in seedling 
recruits , plant growth conditions and the development 
of vegetation cover, while sowing would increase plant 
density and re-introduce guilds not present in relict soil 
seed banks. 
indigenous vegetation recovery, soils are susceptible to ero-
sion and open to fe-invasion by alien species. 
The absence of fynbos species from a dense stand of 
alien trees does not necessarily indicate their local extinction 
at that site. Fire·return intervals in mesic fynbos may vary 
between fou r and 45 years (Van Wilgen et al. 1992), and 
species with life-spans shorter than the average fire-return 
interval (about 15 years) produce long-lived propagules that 
are stored in the soil (Van Wilgen and Forsyth 1992), from 
which they may recruit. Although fynbos seed persistence 
has not been studied in detail, significant relict seed banks 
were found under old , dense al ien Acacia saligna (Labill.) H. 
L. Wendl. stands on the Cape Peninsula (Holmes and 
Cowling 1997a), indicating that many species at that site 
produced propagules wi th a longevity of 25 years or more. 
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However, clearing an old A saligna stand led to low recruit-
ment in the fie ld relative to that attained from soil samples 
(100mm-deep cores) removed and germinated under nurs-
ery conditions (Holmes and Cowling 1997a, b). Plant-
derived smoke stimulates germination in a wide variety of 
fynbos species with soi l-stored seed banks (Brown 1993), 
and smoke chemicals were applied both in the field and 
nursery tria ls (in aqueous and dry smoke form, respective-
ly). Disturbance generated by removing soil cores to the 
nursery could fUrther increase germination response 
through a combination of soil aeration, improved germina-
tion condi tions and exhumation of the more deeply buried 
propagules. At long-invaded sites, indigenous seed rain is 
negligible and surface seed banks become depleted. Viable 
seeds polentially may be found deeper in the soil profile, 
where conditions are conducive to persistence (Baskin and 
Baskin 1989). 
The fa ilure of alien clearance to stimulate recruitment in a 
large proportion of persistent seeds suggests that soil dis-
turbance could be used to improve germination conditions 
and exhume deeply buried seeds. Following an unnaturally 
hot fire (e.g. a summer fire through felled alien slash) , seeds 
near 10 the soil surface are killed (Holmes 1989, Pieterse 
and Cairns 1986) and potential recrui tmenl is confined 10 
larger propagules (e.g. myrmecochores) with sufficient 
resources to recru it from deeper in the soil (Bond ef al. 1999, 
Holmes ef al. 2000). Soil disturbance may counter the 
effects of high soil temperature by promoting recruitment of 
smaller-seeded species that are exhumed to the surface . 
Thus It is predicted that soil disturbance will promote recruit-
ment more following a high-intensity than a low-intensity fire. 
The objective of the study was to invesligate whether Iyn-
bas seedling recruitment and restoration could be improved 
by disturbing the soil following clearing and burning opera-
tions, in an area wi th a long history of alien invasion. The fol-
lowing key questions were addressed: 
1) Does seedling recruitment increase following soil distur-
bance? 
2) Does soil disturbance change the composition and guild 
structure of the seedling recruits? 
3) Does fire-intensity influence the results of the soil distur-
bance treatment? 
4) In which si tuations would a post-fire soil-disturbance 
treatment benefit fynbos restoration following alien clear-
ance? 
Methods 
Study site 
The sile chosen for the study was a former 2.5ha pine plan-
tation at Ou Tal near the Franschoek Pass, Western Cape 
(33°57'5, 19°10'E). This plantation comprised only one 47 
year rotation of Pinus pin aster Ait., and aerial photographs 
revealed no large trees growing at the site prior to planting . 
The site also contained numerous individuals of the alien 
invasive species Hakea sericea Schrad . and Acacia mearn-
sii De Wi ld. The stand was felled early in 1997, and some 
timber removed, in preparation for incorporating the site into 
the Western Cape Nature Conservation Board reserve area. 
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Following clearance, unevenly distributed slash , compriSing 
pine trunks, logs and litter remained. 
Fire intensity 
Ten 2 x 4m high-fuel plots and ten 2 x 4m low-fuel plots were 
selected , based on visual assessment of fuel loads , and 
marked using metal stakes. Site and weather conditions 
were recorded immediately prior to and during the fire , and 
fuel biomass and fire intensity estimates were measured , as 
reported in Faden (1997). Fire intensity was measured as 
the loss of waler by eva para lion from 340ml cans placed on 
the ground , considered to be an integrating device for meas-
uring fire intensity (Breytenbach 1989). A good correlation 
was found between total fuel mass and water loss from 
cans, although it was noted that fuel height distribution influ-
enced fire intensity, with maximum intensities reached when 
fuel was distributed evenly over the first half metre above 
ground (Faden 1997). 
Soil disturbance 
Shortly after the experimental burn , on 8 April 1997, the 2 x 
4m plots were divided into two 2 x 2m (= 4m2) pia Is and the 
soi l in one of the pair disturbed by spade to a depth of 
1 00-150mm, by digging and lurning over the soi l. 
Vegetation sampling 
Indigenous and al ien seedling recruitment, and total indige-
nous plant projected canopy cover, were monitored in a 1 m2 
permanent quadrat within each 4m2 plot (40 quadrats in 
total) . Censuses were done at two-monthly intervals after 
Ihe fire until the end of November 1997, and at 12, 14, 18, 
20 and 24 months post-fire. Comprehensive follow-up clear-
ance of alien recrujts was done for all plots eight months 
post-fire (November 1997) in tandem with foll ow-up control 
for the entire site. At the final census, indigenous species 
composition, percentage projected canopy cover and guild 
structure were assessed for each 4m2 plot. 
Data analysis 
Differences in plant density, cover and species richness 
among trea tments were assessed by paired t-tests. Guild 
structure in the two-year-old vegetation was investigated 
using contingency table analyses. Indigenous species were 
assigned to growth form, regeneration mode, seed type and 
functional group classes, following the categorisation in 
Holmes and Cowling (1997a) and unpublished data . The null 
hypotheses that the units of plant cover in each guild 
remained constant over disturbance and fire intensity treat-
ments were tested. T he categories of geophyte and forb 
were combined to meet the minimum requirements of the X2 
test. Relationships between fire intensity and plant variables 
were explored by linear regression, using the least squares 
method. 
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Results 
Fire intensity 
Air temperature at the start of Ihe fire on 8 April 8 was mod-
erate (26°C), average wind speed was low (1 .11 kmlh) and 
humidity relatively high (70-85%; Faden 1997). Fuel mois-
ture was high due to recent rains, thus fire conditions were 
more typical of a late autumn burn than a summer wild fire. 
Significant correlations were found between fuel classes and 
heat release as quantified by water loss from cans placed on 
the ground during the fire (Faden 1997). 
Recruitment pattern 
Most recruitment occu rred during the first six months after 
fire (Figure 1a). Summer die-back mostly was attributable to 
ephemeral (annual and geophyte) species. Some additional 
recrui tment occurred during the second winter. The majority 
of new recruits were ephemeral and short-lived seeder 
species that flowered during the first year. Low fire-intensity 
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Figure 1: Development of indigenous plant (a) density and (b) 
cover at th e field site during the fi rst two years post-fire for the four 
treatment combina tions (mean ± 1 SE, n=1 0) . Solid lines and filled 
symbols represent control and dashed lines and open symbols rep-
resent disturbance treatments; squares represen t low and circles 
high fire intensi ty treatments. Low fire-intensity plots are defined as 
those with s 200ml evapora tive loss from cans. and high-inlensity 
plots with> 230ml loss 
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plots recorded a higher plant density throughout Ihe census 
period (Welch's approximate t-tests : six months, 1=2.32, 
P=0.029; two years, t=2.69, P=0.013), but there was little dif-
ference belween disturbed and conlrol plots (paired I-tesls: 
six months, 1=0.50, P=0.623; two years, 1=1.17, P=0.255). 
In conlrol plols, fire intensily explained a smail (30%), bul 
significanl (P=0 .013) amount of Ihe variation in ind igenous 
planl density after Ihe first winter (Figure 2a). with densily 
decreasing with increasing fi re intensity. There was no sig-
nificant relationship between fire intensity and plant density 
in disturbed plots after Ihe firsl winter. After two years, bolh 
control and disturbed plots showed a similar negative rela -
tionship belween fire inlensily and plant densily (Figure 2b; 
r'=0.288, P=0.015, and r'=0.279, P=O.017, respectively). 
Plant projected canopy cover in permanent quadrats con-
tin ued to increase throughout the census period, with the dis-
turbed , low fire-intensity quadrats recording the highest cover 
(63.0 :+: 8.91% in Iwo-year old vegetalion; Figure 1b). 
Dislurbed plots (4m2) had developed higher cover than con-
trol plots al Iwo years post-fire (paired t-Iest, t=3.58, 
P=0 .002). Fire inlensily explained little (7- 11 %) of the varia-
tion in plant cover in 4m' plols two years posl-fire (Figure 2c). 
In control plots (4m' ), fire intensity explained a smail 
(23%), bul significant (P=0.031) amounl of Ihe variation in 
species richness two years post-fi re (Figure 2d) , with rich-
ness decreaSing with increasing fire intensity. In disturbed 
plots there was no significant relat ionship between fire inten-
sity and richness. Richness was higher in disturbed than 
control plols (paired t-Iesl, t=3.85, P=0.001). 
Alien species wilh soil-slored seeds (predominantly 
Acacia mearnsii, with some A. longifolia (Andr.) Wi lid.) ger-
minated in profusion after felling and burning the pine stand, 
with up to 500 seedl ing per m' recorded (Figure 3). 
Recruitment was unrelated to fire intensity, but was signifi-
cantly higher in control plols than dislurbed plots (paired t-
lesl, t=3.51, P=0.002). 
Guild structure 
The distribution of plant ecological guilds was broadly simi-
lar between soil disturbance and fire intensity trea tmen ts, 
but significant X2 values indicated some differences in guild 
composition (Figures 4 and 5). Soil dislurbance promoted 
shrub relative to graminoid and forb cover at both low and 
high fire intensit ies. Disturbance at high fire intensi ty result-
ed in a relative decrease in cover of the long-lived seeder 
mode relative to other regeneration modes, but there was no 
difference at low fi re intensity. Following soil disturbance, 
species with myrmecochorous seeds had lower, and small-
seeded (0.1- 1 mg) species higher relalive cover. 
The dominant functional group in all treatments was short-
lived mycorrhizal shrubs. Shrubs without symbiotic nutrient-
acquisition were under-represented at the site, largely owing 
to the earlier elimination of a major component of this guild 
(sero linous overstorey proteoids) by Ihe alien trees . 
Disturbed plots had lower graminoid and forb cover and 
higher short-lived- and sprouting-mycorrhizal shrub cover 
Ihan controls . AI high fire-intensily, dislurbed plols had lower 
relative cover of long-lived-mycorrhizal and nodulating 
shrubs. 
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Discussion 
Con trary to predictions, soil disturbance did not increase the 
number of fynbos individuals germinating following the 
fell ing and burning of the 47 ·year-old Pinus pinaster stand. 
Recrui tment levels at the site were low (10-20 plants per m' ) 
compared to other studies in which dense aliens had been 
cleared: following two decades of Acacia saligna (80-100 
plants per m'. Holmes and Cowling 1997a) and three 
decades of P pinaster(30- 50 plants per m', Holmes 200 1) . 
The present study suggests that a threshold of seed persist-
ence is passed at approximately four decades, whereby the 
majority of soil-s tored fyn bos seeds lose viabi lity. The late 
burn ing of the site in April , after the first heavy autumn ra ins 
had fallen, may have contributed to low indigenous recruit-
ment levels. Heat penetration into moist soi ls is low com-
pared to dry soils (Whelan 1995) and such fires may not 
stimulate germination in buried seeds of species requiring a 
heat pulse. Nevertheless. at the other study sites (above) 
higher recruitment levels were measured without burning. 
Total indigenous plant cover and species richness in two-
year old vegetation were higher following the disturbance 
treatment, suggesting that this treatment improved germina-
tion in a wider range of species and establishment in gener-
al. It is unl ike ly that higher indigenous cover values relate to 
the lower alien acacia germ ination in disturbed plo ts, as all 
alien seedlings were removed from both treatments eight 
months after the fire. Differences in richness were more evi-
dent at higher fire intensities, which suggests that a distur-
bance treatment could be used to enhance diversity follow-
ing a high intensity fire. 
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Figure 4: Guild structure of two-year-old vegetation (n=10). Abbreviations are: Geo :; geophyte, Gram :=; graminoid, SL :;: short-lived «5 
years), LL::: long-lived (~ 5 years) , Myrmec = myrmecochorous. Seed definitions are: Myrmec ::: seeds buried by an ts. Tiny = seeds < O.1mg, 
Smail:; seeds O. 1-1.0mg, Medium::: seeds> 1.0mg. Low fire-intensity plots are defined as those with . 200ml evaporative loss from cans, 
and high-intensity plots with> 230ml10ss. Chisquare values denote results of contingency table analyses (NS P>0.05, ... P < 0.05, ... P < 0.001) 
Soil disturbance promoted shrubs relative to graminoids 
and forbs. The dominant shrubs at the site (in descending 
order) were Ursinia paleacea (L.) Moench, Stoebe cinerea 
Thunb .. Psoralea pinnala L. and Slruthiola ciliata (L.) Lam .. 
All four species had higher cover in disturbed plots at both 
low and high fire-intensities. Short-lived (e.g . Ursinia) and 
small-seeded species (e.g. Ursinia. Sloebe and Slruthiola) 
established well relative to other guilds following distur-
bance. Myrmecochores (including indigenous species and 
alien acacias) were negatively affected by soil disturbance. 
This gui ld generally benefi ts most from fires of high intensi-
ty, as seeds are buried deeper in the soil , and requi re strong 
germination cues to optimise recruitment (Bond et a/. 1990, 
Kilian and Cowling 1992. Bond et al. 1999). Turning over the 
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soil appears 10 have disrupted the establishment of this 
guild , possibly by exposing the seeds to predation or dam-
aging germinating seeds. The latter effect could be coun-
tered by completing burning and soil disturbance operations 
before the onset of autumn rains. A similar effect could be 
responsible for the reduction in relative cover of nodulating 
species (legumes wi th medium-sized seeds) fol lowing the 
soil disturbance treatment in high fire intensity plots. 
Implications for fynbos restoration 
The benefits arising from the soil disturbance treatment 
were not of a sufficient magnitude to justify a general rec-
ommendation for such a treatment to be implemented fol-
lowing the clearing and burning of all dense alien stands . 
However, in some situations a disturbance treatment might 
improve fynbos restoration. For example, in the event of a 
very hot fire through dense, fel led alien slash, disturbing the 
soil would break up any water-impermeable layer created by 
excessive soil-heating (Scott 1993, Whelan 1995) and 
exhume deeply buried seeds that survived the high surface-
soil temperatures. The former effect should increase water 
percolation through the soil and improve conditions for plant 
growth , and the latter would increase the species richness of 
the germinants, part icularly ephemeral and sh rub species. 
This in turn should lead to the development of more diverse 
and greater initial vegetation cover and assist in protecting 
soil from erosion . 
In practice, soil disturbance would need to be done 
mechanically, for example, with a soil scarifier. Such a treat-
ment could be applied only in areas with vehicular access 
and on soils that are relatively free of rock, such as on the 
colluvial mountain slopes and flats . Such sites are often 
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where the impacts of invasions and hot summer wildfires are 
greatest (e.g. Richardson and Van Wilgen 1986), whereas 
rocks introduce microsite heterogeneity by insulating patch-
es from excessive hea t (Foden 1997). 
The duration and extent of dense alien stands should be 
considered in the planning of clearance and restoration 
operations. If a site has been invaded by dense alien stands 
fo r more than three decades, it is likely that indigenous soil 
seed banks will be depleted and some post-fire sowing 
should be considered . Introduced seed should be of local 
origin, preferably collected from an ecolog ically similar site 
(Holmes and Richardson 1999). Ind igenous species that do 
not have soil-stored seed banks, particularly the serotinous 
overstorey shrub and obligate resprouter gUilds, should be 
re -introduced as part of the seed mix. As seed-dispersal dis-
tances in most fynbos species are short , sowing should be 
considered for alien stands exceeding about five hectares in 
area. For smaller areas, seed dispersal from surrounding 
fyn bos should enable sufficient recolonisation within the next 
fire-cycle. 
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